Specular reflection is known to play an important role in many fields of scattering applications, e.g., in remote sensing, computer graphics, optimization of visual appearance of industrial products. Usually it can be assumed that the object has a solid surface and that the properties of the surface will dictate the behavior of the specular component. In this study I will show that media consisting of wavelength-sized particles can also have a quasi-specular reflection in cases where there is ordered structure in the media. I will also show that the quasispecular reflection in particulate media is more than just a surface effect, and planar particle arrangement below the very surface can give arise to quasi-specular reflection. This study shows that the quasi-specular reflection may contribute in some cases in the backscattering direction, together with coherent backscattering and shadow-hiding effects.
Introduction
Specular reflection is one of the first topics taught in optics. In an idealized case of perfectly flat solid interface between two materials the geometrical optics approach is that one part of the incident light (or other wavelengths) is reflected into the specular direction and the rest is refracted into the second material. The amount of reflected and refracted power is given by the Fresnel coefficients. The approach that is often used to describe scattering from surfaces that are not ideally flat is that there is a diffuse component and a specular component in the scattered signal. This approximation is based on the microfacet idea [1, 2] where it is assumed that the surface constitutes of small planar facets. The facets are thought to be small, but still significantly larger than the wavelength so that their scattering can be modeled by specular reflection to the direction that is governed by the local normal vector of the facet. The specular reflection from surface consisting of microfacets is the sum of the first-order specular reflections from suitable facets, i.e., from facets where the local normal is such that the incidence angle, observation angle and the local normal will form a specular geometry. The more rough the surface is, the more the local normals are deviated from the average normal, and the more the specular signal is decreased and spread around the average specular direction. The diffuse scattering from microfacets comes from the multiple-scattered signals, but this alone cannot explain well the diffuse part so we will need some subsurface scattering assumption to explain the total diffuse part.
The specular reflection is modeled and measured in various fields. In remote sensing it is often called a 'glint' [3] and is observed when measuring scattering from oceans, ice covered areas and cirrus clouds, for example. In astronomy it seems that the radar reflectance properties of some Solar system targets, at least the Saturn moon Titan, need to be explained with a specular component [4, 5] . In computer graphics reflectance models that will produce specularity are needed to create realistic images. With industrial materials and applications the specular part is usually called 'gloss', and can be either preferred or unpreferred feature in the visual appearance of the product. Certain cosmetic products, paints and papers seek to have high gloss.
In many cases the 'surface approach', connecting the specular reflection to the properties of the geometry of a solid surface, is reasonable and produces good results. The abovementioned oceans and ice covered surfaces, for example, are cases where it is very natural to model the target as a surface that can be divided into small planar facets. With other, clearly particulate targets such as cirrus clouds, it can be argued that the particles (cirrus ice crystals) have planar facets that can act as mirrors. Since the ice crystals in cirrus can have sizes down to micrometer scale it might be a bit precarious to describe their facets as small mirrors, as they start to approach the wavelength size range (in visual range). Nevertheless, it seems that for example the Bennet-Porteus approximation for the strength of the specular reflection from surfaces with wavelength-scale roughness is quite accurate [6] .
Quasi-specular reflection
Industrial materials where specularity is needed often use pigments for surface finish. Pigments are quite small, usually mineral particles. The sizes can vary, but for example with high-gloss paper products the coating pigments are typically in the size range of 1-10 µm. With this small particles it is quite difficult to claim that parts of the particles surface can act as a microfacets, since these parts can easily be smaller than the wavelength. Actually, the high specularity in paper products is achieved through calendering the paper with high pressure, thus organizing and packing the coating pigments into a very smooth layer. Even though the layer is smooth in macroscopic scale, in micrometer scale it is still constituted of particles and there is void space between the particles for ink to penetrate to the structure when printing.
It seems that the 'surface approach' is not reasonable in cases where we clearly have an interface constituting of wavelength-scale particles. Very glossy papers, for example, can be produced using particulate media so particulate media can produce high reflectance in the specular direction. To distinct this 'glint' or 'gloss' or 'specular-type peak' from the traditional specular reflectance from flat solid surface I will call this effect as quasi-specular reflection (QSR).
The QSR phenomena from small particles is quite easily explained, starting from the wave-optical mechanism behind the specular reflection. The specular reflection is a simple interference of electromagnetic waves. A sketch of the process is presented in Fig. 1 . When the wavefront meets the target the different parts of the wave have traveled different distances, d 1 , d 2 and d 3 in the figure. Generally when the scattered wave is observed at some point, the different parts have traveled distances d 1 + e 1 , d 2 + e 2 , and d 3 + e 3 which are not equal. Thus, the relative phases of the parts of the wave are different and there is no particular constructive or destructive interference. In specular direction the distances traveled, d 1 + f 1 , d 2 + f 2 and d 3 + f 3 , are all equal and the relative phases are the same, therefor constructive interference is present. The explanation behind the coherent backscattering (CB) phenomena with the reciprocal ray paths and constructive interference is actually quite close to specular reflection explanation. The differences between QSR and CB are that QSR is single-scattering effect while CB is due to multiple scattering, and that CB is valid for backscattering direction only and QSR for all specular geometries.
The specular reflection phenomena is usually explained as above with a solid planar interface, but there are no reasons why this mechanism should not work for particles, too. Only requirement is that the particles need to be located in a plane. One could argue that in practice the particles will never be perfectly aligned in a plane, but on the other hand there are no perfectly flat surfaces either. In fact the Bennet-Porteus approximation mentioned earlier shows quite well how the specular power decreases when the surface has small-scale roughness which will effectively introduce more and more phase differences in the specular direction [6] . While the specular reflection decreases with roughness, the original specular intensity can be magnitudes larger than the diffuse component, so it will remain significant for moderately rough surfaces. The same can be true with particles, so even a small QSR contribution can stand out in the specular direction from the overall scattering pattern.
non-specular direction Figure 1 : Sketch of a wavefront from source to interface, and scattered waves to specular and non-specular directions.
The existence of a planar or nearly planar layer of particles in the particulate media means that there is some order, some specific structure in the media. In paper coating this is formed by introducing high pressure in the top layer by calender, and in general this can be achieved by compressing the upper layer. Mechanical compression is an obvious mechanism, but also vaporizing or absorbing liquid can introduce capillary forces in the void structure and compress the media.
In what follows I will use electromagnetic wave scattering simulations to study if particulate media can create QSR. Another topic to study here is if the QSR can arise also below the very surface. Wavelength-sized particles can be quite transparent and I have noticed in previous simulations [Sec. 4.1.3 in 7] that ordered structure in the bottom of a finite-depth slab of particles can introduce intensity peak in the specular direction, and I would like to confirm that result.
Light-scattering methods
To confirm the possible QSR from particulate media I must use exact electromagnetic wave scattering methods that rely on the full treatment of the Maxwell equations.
There are phase-dependent interference effects that give raise to the strong signal in the specular direction. Only after the QSR is fully confirmed with exact methods we may think of approximate methods or suitable corrections to approximate methods to deal with the phenomena.
There are a few exact methods and their implementations that could be applied here. These include the discrete dipole approximation (DDA), multiple sphere T -matrix (MSTM), and finite difference time domain methods [see e.g. 8]. From these methods I choose to apply MSTM here, which also dictates that the particulate media discussed here is composed of spheres. In terms of speed and accuracy the MSTM is at least as good as the other methods. The DDA would allow to use any kind of target geometry. It has been already shown that continuous but randomly porous media will produce (quasi-)specular reflection [9] , and at this point I do not see that the spherical shapes of the monomers in the media would pose a problem. In favor of the spherical monomers is also the fact that the formation of suitable particulate geometries from spheres is straightforward.
The MSTM and its principles are discussed already in e.g. [10] and I will not repeat that here. I will, however, point out that I will be using the novel feature in this MSTM code, as compared to its predecessor the cluster T -matrix code [11] , namely the possibility to use Gaussian beam instead of the plane-wave as the incident field.
To study QSR we need plane-parallel media. With exact codes there is always some limit for the number of particles due to the finite computer memory or CPU time in a simulation. It is possible to use MSTM with a computing cluster to simulate a few thousand spheres, results with 3000 spheres, for example, are reported [10] . When building a planar media having that magnitude of wavelength-sized particles, however, the dimensions of the media, i.e. diameter and depth, are quite limited. Therefore it is preferable to minimize the scattering effects arising from the edges of the slab, and this can be done using wave with Gaussian intensity profile that decreases to a low level before the edges.
Is there quasi-specular reflection from particulate media?
To confirm that there can be QSR from particulate media is the first question to address here. This is done by simulating the intensity phase function from a cylindrical slab of spheres located in the x,y-plane. The size parameter x = 2πr/λ for the individual spheres, where r is the radius of the sphere and λ is the wavelength, is chosen to be 2. There is no special reason for this particular size parameter, only that I am interested here of roughly wavelength-sized particles since much larger particles would have 'microfacets' that could produce specular scattering in any case. The refractive index for the particles is 1.31 + i0 throughout the article.
For the size of the cylindrical layer of spheres I will consider a regular lattice in (x, y) that has sidelength of 84 size parameter units (spu, physical length × 2π/λ). This lattice could hold 441 spheres with x = 2, but I will cut a circular area from this lattice which will reduce the number of spheres in the layer to 349. This layer can be seen in Fig. 2 . The Gaussian beam intensity profile is selected so that the so-called beam constant is 0.03, meaning that the intensity of the beam will drop as exp(−(0.03 d) 2 ), where d is the distance (in spu) from the lattice center.
The direction of the possible QSR is, naturally, dependent on the direction of the incident light. I will use the zenith angle, azimuth angle and the principal plane to define the directions. Zenith angle is measured from the layer's normal vector (i.e., the z-axis) and azimuth angle is the projected angle around the normal in the x,yplane. The so-called principal plane is the plane defined by the incident and zenith directions. Let us agree that the specular direction, which is always in the principal plane, has a positive zenith angle θ s , and the incident direction θ i a negative value, −θ i = θ s . In zenith illumination θ i = 0 and the azimuth angles of the incident direction, specular direction and principal plane are not uniquely defined.
From the practical point of view this zenith illumination geometry is preferred in simulations. With many scattering codes, including fixed orientation MSTM and many DDA codes, the scattering can be computed efficiently over different scattering planes. Scattering planes are planes around the incident direction vector. When θ i = 0 all the scattering planes are principal planes containing the specular direction, but with different azimuth angles. On the other hand, we need to average the scattering over different azimuthal orientations of the layer. With zenith illumination this averaging can be done by averaging efficiently over scattering planes, otherwise averaging must be done using principal planes with different azimuth angles each requiring independent simulation, thus using much more computing time. In this study the orientation over azimuth was done with one degree steps.
There are possible caveats in using this zenith illumination geometry. Other special scattering phenomena can arise, namely the coherent backscattering and the shadowhiding, which both can increase the intensity in the backscattering geometry [e.g. 12-16]. Therefore we must first make sure that the QSR exists with other than zenith illumination geometry.
Other issue that we must take into account is that we are assuming that QSR will happen for planar layer of particles because of the interference behind the specular phenomena. In the same manner we must assume that the QSR will not arise for a particulate layer that is not planar. This is tested with three realizations of similar setup of circular area of regular lattice of spheres, but where the z-coordinate of the individual spheres is uniformly distributed random variable between -2 and 2 (spu). See Fig. 3 for an example of both planar layer (type 1) and layer with random z-coordinate (type 2).
The results, i.e. the scattered directional intensity for type 1 layer and type 2 layers, averaged over three realizations, are shown in Fig. 4(a) . We can clearly see that when incident light has θ = −15 • there is a distinct peak at θ = 15 • with type 1 planar layer. The type 2 layers show very flat intensity profile around θ = 15 • . It is indisputably shown that there is a strong QSR effect with the planar type 1 layer. The intensity at specular direction is more than 50 times stronger with the planar layer.
Now that it has been shown that QSR can exist I will show in Fig. 4(b) that it can be studied here in the more practical backscattering illumination geometry. The overall profile is the same -type 1 layer produces clear specular peak that is about 40 times stronger than the flat profile of the type 2 layers. It is a fair assumption that we can use backscattering setup here to study the QSR. We can estimate the possible contribution from other backscattering effects by comparing the intensity values between specular direction (θ s = 15 • ) in Fig. 4 (a) and specular/backscattering direction (θ s = 0 • ) in Fig. 4(b) . For type 1 layer the intensity is enhanced by a factor of 1.7 and for type layer by a factor of 2.1 when moving from θ s = 15 • to θ s = 0 • . The theoretical maximum contribution from coherent backscattering is two, and these simulated values are quite nicely in that neighbourhood [15] . If we compare the strengths of the possible backscattering effects (≈ 2) and the QSR effects (≈ 40-50) we can see that it is quite safe to discard the other backscattering effects and use zenith illumination when studying QSR. I will return this subject of QSR and other backscattering effects in Sect. Discussion.
Is the effect coming from the topmost layer only?
It is quite possible to assume that if and when this QSR can exist, it will arise only from the very topmost particles and if there are particles above the planar structure it will destruct the possible QSR. I will test this by stacking up these type 1 and 2 layers and computing their scattering properties. This test is executed using two-or threelayer combinations of the elementary layers. The layers are combined so that there is a small gap between the layers and they do not intersect, see examples in Figs. 3 and 5.
There are 12 possible two-layer combinations of one type 1 and three type 2 layers, and 24 three-layer combinations. The two-layer combinations can be logically divided into three groups: combinations where type 1 layer is at bottom, combinations where type 1 layer is at top, and combinations where there is no type 1 layer. With three layers we can find four groups: type 1 at bottom, in center, at top, or no type 1 layer. The scattering results from these groups, seen in Fig. 6 , show quite interesting pattern. All the groups where there is type 1 planar layer present will produce QSR. The strength of QSR is smallest with combinations where type 1 layer is at bottom, but still very evident. This is a strong proof of the fact that at least a moderate number of obstructing particles will not destroy the QSR.
Is the effect linked to specific uni-sized particles?
One might speculate that the QSR is happening above only because I am simulating scattering from a collection of particles that all have perfectly the same size and shape, which will enable the coherent interference. Again, this can be tested. I will simulate the same results as above -the scattering for different number of layers and for different combinations -but I will use type I and type II layers in the combinations. The basic setup for I and II is the same as for type 1 and 2 layers, so there is a circular area of the regular lattice for the (x, y)-coordinates of the particles, but this time the particles have a size distribution. The size parameter x can vary between 1 and x max with uniform distribution whereas previously x was 2 for all the spheres. The upper limit for the size parameter, x max , is set here so that the expected volume of the random-sized sphere is the same as for sphere with x = 2. It turns out that this value for x max is about 2.75. Naturally this means that the lattice must be enlarged to accommodate spheres with maximum size of 2.75, thus the lattice will have a sidelength of about 115 spu. Example of type I and II layers is shown in Fig. 7 .
Using the same two-and three-layer combinations of type I and II layers we can again see in Fig. 8 a very strong difference between combinations without planar (type I) layer and combinations where type I is present somewhere in the slab. Actually it seems that this difference is even stronger than with uni-sized particles. It is therefore concluded that same-sized constituents in particulate material are not required for the QSR to arise. The lattice cell is larger than the particle and the position of the particle in that cell is random.
Is the effect due to the regular lattice of particles?
One more suspicion behind the practical meaningfulness of the QSR in the abovementioned cases is that maybe the effect only arises from the regular lattice where the particles are located. This must be checked, and I will use again new layer types (A and B) to tackle this issue. In these types I will use regular lattice where the area of a single cell is larger than the area needed for the particle, so that the position of the particle in the single lattice cell can be random. I will set the sidelength of the cell to 8 spu and use spheres with x = 2, so the diameter of the sphere is 4 spu. Each sphere is positioned randomly somewhere inside the corresponding cell. The sidelength for the whole grid will be 168 spu. Examples of the type A and B layers are shown in Fig. 9 .
Once again it can be seen from Fig. 10 that the random locations of the particles in the planar layer will not destroy the QSR. On the contrary, the difference between slabs with and without the planar layer is even more prominent.
Discussion
I have shown here that there can exist a strong specular-type intensity peak from particulate media if it includes a planar layer of particles. This QSR will arise even if the planar layer is not on the very top of the media, does not consist of same-sized particles, or is not located in regular lattice. It seems that the only requirement is the same as for specular reflection from solid surfaces -the (particulate) media has to have such a structure that there is planar arrangement with the particles.
The strength of this QSR can be quite high. In Fig. 11 I present a summary of the scattering results in this study regarding the specular direction with the so-called specular factor. This is the intensity in the specular direction, relative to that of similar slab without the planar layer. Quite interestingly the factor is actually lowest with the case of regular lattice and same-sized particles (type 1 and 2 layers). In any case, the specular factor can have strengths from 8 to 40 even when there are two layers of obstructing particles on top of the planar layer.
The practical consequences of the confirmed QSR from particulate media awaits for more studies on the subject. When modeling the observations from natural targets we need to take into account the variability that is always present. There will not exist perfect planar layers of particles, and the particles will have distribution in both size and shape. The possible magnitude of QSR in observations would need further simulations where the perfect planar layer is disturbed in the z-direction and where random non-spherical shapes are considered. In the more theoretical side we would benefit from near-field simulations or finite difference time domain -type simulations where we could see in detailed level the QSR arising from the particles.
Despite the need for further studies, one might already take the possibility of QSR in certain situations into account. Especially if we are studying backscattering effects either by simulations or by laboratory measurements from the surface of planeparallel particulate media in zenith illumination geometry, we might end up in a situation where all the three possible effects (coherent backscattering, shadow-hiding and QSR) are contributing. In such a case it is hard to separate afterward the roles the different mechanisms play in the backscattering enhancement. Fortunately it is easy to avoid such entanglement of all three effects -one needs to use non-zenith illumination geometry. If the illumination is from some angle θ, the coherent backscattering should be seen at θ and the QSR at −θ. Thus, when θ is non-zero, coherent backscattering and QSR would be seen in separate directions. Besides, at θ = 0, the shadow-hiding contribution is negligible. Figure 11 : Combined specular factors for all the types (1&2, I&II, A&B) and their one-, two-, or three-layer combinations. The specular factor is the enhancement in the intensity at specular direction, relative to the non-specular case. The two-and three-layer combinations in the plot are arranged so that the first bar corresponds to the case where the planar layer is at the top of the slab, and the last bar to the case where it is at the bottom.
